SUMMARY
The principle virulence factors in Clostridium difficile pathogenesis are TcdA and TcdB, homologous glucosyltransferases capable of inactivating small GTPases within the host cell. We present crystal structures of the TcdA glucosyltransferase domain (GTD) in the presence and absence of the co-substrate UDPglucose. While the enzymatic core is similar to that of TcdB, the proposed GTPase-binding surface differs significantly. We show that TcdA is comparable to TcdB in its modification of Rho-family substrates and that, unlike TcdB, TcdA is also capable of modifying Rap-family GTPases both in vitro and in cells. The glucosyltransferase activities of both toxins are reduced in the context of the holotoxin but can be restored with autoproteolytic activation and GTD release. These studies highlight the importance of cellular activation in determining the array of substrates available to the toxins once delivered into the cell.
Clostridium difficile is the leading cause of hospital acquired diarrhea, and in recent years, the number of C. difficile associated disease (CDAD) cases has increased dramatically. The primary virulence factors of C. difficile are the large, homologous exotoxins TcdA and TcdB (1, 2) , members of the large clostridial toxin (LCT) family which also includes lethal toxin and hemorrhagic toxin from C. sordellii and the α-toxin from C. novyi. The enzymatic function of the toxins is carried out by a 63 kDa N-terminal glucosyltransferase domain (GTD) that acts on small GTPases involved in regulation of the cytoskeleton (3, 4) . Delivery of the GTD into the cell is achieved by binding to the target cells (5, 6) , endocytosis (7, 8) , pH-induced pore-formation (9) (10) (11) , translocation of the GTD across the endosomal membrane, and release of the GTD by autoproteolysis (12, 13) . Once delivered to the cytosol, the GTDs inactivate Rho-and Ras-family GTPases by glucosylation of a threonine residue in the switch I region (Thr37 in RhoA) (14, 15) . TcdA and TcdB have been reported to glucosylate RhoA, RhoB, RhoC, RhoG, Rac1-3, Cdc42, and TC10 using the co-substrate UDP-glucose (16, 17) . Glucosylation of the GTPases prevents their interactions with multiple effectors and regulatory molecules and thereby prevents multiple signaling events in the host cell (18) .
Although TcdA and TcdB have long been accepted as the primary virulence factors responsible for CDAD, there are conflicting data concerning the relative importance of each of the two toxins in causing disease (1, 2, (19) (20) (21) (22) (23) (24) . Given that the majority of pathogenic strains of C. difficile produce both TcdA and TcdB, it is unlikely that these two toxins have completely redundant functions. Although the roles of the toxins in human disease are unclear, a number of differences in activity have been noted for TcdA and TcdB in cells and in animal models. TcdA has been shown to be a potent enterotoxin in hamster and rabbit ileal loop assays, whereas TcdB is not (20, 21) . Both toxins are reported to have potent enterotoxic effects on human tissues (19, 25) . In cell culture, both TcdA and TcdB induce cell rounding, but TcdB is ~1000 times more potent than TcdA in most cell lines (26, 27) . The molecular basis for the observed differences in TcdA and TcdB cytopathicity could include differences in the binding (26) , poreforming (9), autoproteolysis (28) , and glucosyltransferase (26) activities.
Multiple studies have demonstrated that TcdA and TcdB have different binding activities, suggesting that the toxins have distinct receptors (26, (29) (30) (31) . Distinct binding targets almost certainly contribute to differences in potency towards various cells (26) . However, in one of the few studies directly comparing the activities of TcdA and TcdB, Chaves-Olarte et al. have reported that the difference in glucosyltransferase activity was the major determinant contributing to the difference in cytopathic potency between TcdA and TcdB. The authors showed that TcdB holotoxin (HT) is ~100 times more active than TcdA HT at modifying substrate in vitro. In the absence of GTPase, TcdB also had a higher rate of UDP-glucose hydrolysis (26) .
To understand the mechanistic basis for the differences in glucosyltransferase activities of TcdA and TcdB, we have determined structures of the TcdA GTD and compared them to those from other LCTs. Analysis of these structures along with biochemical comparisons of TcdA and TcdB glucosyltransferase activities are reported.
EXPERIMENTAL PROCEDURES
Plasmids-The nucleotide sequences encoding amino acids 1-2710 of TcdA (TcdA HT), of TcdA, 1-800 of TcdA, 1-542 of TcdA (TcdA GTD), or 1-543 of TcdB (TcdB GTD) were amplified from VPI 10463 and cloned into the Bacillus megaterium expression vector pCHis1622 (MoBiTec, BMEG20) using the restriction sites BsrGI and SphI. The gene encoding TcdB was cloned into BMEG20 as described previously (32) . The GTPase and effector sequences were cloned into pGEX4T (RhoA (33) Rap2A, RalGDS-RBD (34)) or pGEX2T (Rac1 (33), Cdc42 (33)) using the sites BamHI and EcoRI.
Protein Expression and Purification-The plasmids encoding TcdA, TcdB, and toxin fragments were transformed into B. megaterium following the manufacturer's instructions (MoBiTec). Transformed B. megaterium were grown in LB containing 10 mg/L tetracycline in LB. 30 mL of overnight culture was used to inoculate 1 L of media and the cultures were placed at 37 °C and 230 rpm. When the cultures reached OD 600 = 0.3, expression was induced by the addition of 5 g D-xylose. After 4.5 h the cells were harvested by centrifugation and resuspended in 100 mM NaCl, 20 mM Tris, pH 8.0. Following French Press lysis, the lysates were centrifuged at 48,000 g for 20 min. Protein was purified from the supernatant by Ni-affinity chromatography followed by gel-filtration chromatography in 100 mM NaCl, 20 mM Tris, pH 8.
Ral guanine nucleotide dissociation stimulator (RalGDS-RBD) and the GTP binding proteins were expressed in E. coli BL21 cells grown in LB containing 100 mg/L ampicillin. 10 mL of overnight culture was used to inoculate 1 L of media and the cultures were placed at 37 °C and 230 rpm. When the cultures reached OD 600 = 0.6, the temperature was changed to 21°C and expression was induced by the addition of 0.5 mM IPTG. After 16 h, the cells were harvested by centrifugation and resuspended in 100 mM NaCl, 20 mM Tris, pH 8.0. Following French Press lysis, the lysates were centrifuged at 48,000 g for 20 min. Protein was purified from the supernatant using glutathione-sepharose 4B (GE) followed by gel filtration chromatography. The GST tags were not removed.
Crystallization-TcdA GTD was concentrated to 16 mg/mL in 150 mM NaCl, 20 mM Tris, pH 8.0. TcdA GTD was crystallized by the sittingdrop method at 21 °C with a 1:1 ratio of protein to mother liquor containing 0.2 M L-proline, 10% PEG 3350, and 0.1 M HEPES, pH 7.5. For cocrystallization of the GTD with substrate, 10 mM UDP-glucose and 2 mM MnCl 2 were added to the protein, and hanging drops were prepared with mother liquor containing 20% PEG 6000 and 0.1 M bicine, pH 8-9. Crystals were exchanged into the appropriate mother liquor containing either 15% glycerol (protein alone) or 20% ethylene glycol (protein plus UDP-glucose/Mn 2+ ), mounted on cryo loops, and flash cooled in liquid nitrogen.
Structure Determination and Refinement-Xray data were collected from single crystals on NE-CAT beamline 24 ID-C at the Advanced Photon Source (Argonne, IL) at 100 K and a wavelength of 1.0094 Å. Diffraction data were indexed, integrated, and scaled using HKL2000 (35) . A starting model was obtained for the TcdA GTD without UDP-glucose by molecular replacement with the TcdB GTD (2BVM) as a search model using Phenix. The model was iteratively built using Coot (36) and refined using Phenix (37) with 5 TLS groups per chain (Table  S1 ). The structure with UDP-glucose bound was determined in the same way, except the apostructure was used as the search model for molecular replacement. In the final structures, 90.0 and 91.2% of the residues were in the most favored positions in the Ramachandran plot for the bound and apo structures, respectively (calculated by PROCHECK (38) ). No residues were in disallowed regions. For the apo structure the final model consists of residues 2-538, 1 manganese ion, and 233 water molecules. For the structure with UDP-glucose bound, the final model consists of residues 2-538, 1 manganese, 1 UDP-glucose, and 109 water molecules.
In vitro glucosyltransferase assay-UDP-[
14 C]glucose (250 mCi/mmol) was obtained from PerkinElmer. GTD (0.1 nM) and GTP binding protein (2 µM) were mixed with 24 µM UDP-[ 14 C]glucose in a buffer containing 50 mM HEPES, pH 7.5, 100 mM KCl, 1 mM MnCl 2 , 2 mM MgCl 2 , and 0.1 mg/mL BSA. The reactions were incubated at 37°C for 5, 10, 15, 30, or 60 minutes. The reaction was stopped by the addition of loading buffer and heating, and the proteins were separated by SDS-PAGE. Glucosylation of GTPase was analyzed by phosphorimaging. For graphical representation, band densitometry was performed with Image J software, and the band intensities were normalized with Cdc42 modified by TcdA GTD set at 1.
Rap activation assay-HeLa cells were cultured in DMEM supplemented with 10% FBS. Caco-2 cells were grown in MEM with 10% FBS. Cells were grown to 80% confluency in 10 cm dishes and then treated with buffer, 10 nM TcdA, or 0.1 nM TcdB in serum free media. After 2 h, the cells were washed two times with PBS. The cells were lysed and resuspended in 0.4 mL lysis buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 10 mM MgCl 2 , 2% Igepal). The lysates were clarified by centrifugation and normalized for protein concentration. Activated Rap2A was pulled down with GST-RalGDS-RBD (50 µg) on glutathione sepharose 4B resin for 1 h at 4°C. The resin was washed 4 times with 0.5 mL wash buffer (25 mM Tris, pH 7.5, 40 mM NaCl, 30 mM MgCl 2 ). 25 µL loading buffer was added to the beads, and the sample was heated at 95°C for 5 min. Bound Rap2A was detected by Western blot using a Rap2A antibody (BD Transduction Labs, 610215).
RESULTS

Structure of the TcdA GTD.
TcdA GTD crystal structures were determined in the presence and absence of UDP-glucose at 2.6 Å (pdb 3SRZ) and 2.2 Å (pdb 3SS1) resolution, respectively ( Figure 1 , Table S1 and Figure S1 -2). As observed in GTD structures from other LCTs, the molecule is composed of a core GT-A fold surrounded by multiple helical projections (39) . The N-terminal projection ( Figure 1A ) is thought to act as a membrane localization domain (MLD), targeting the GTD to the site of membrane-bound GTPases (40, 41) . The other projections at the top right and top left of the GTD 'front' ( Figure 1A ) are thought to contribute to GTPase substrate specificity (39) .
Comparison of the apo-and UDP-glucosebound structures shows a significant difference in the position of the 516-522 loop (Figure 1 , Figure  S2 ). This loop contains a conserved serine, Ser517 in TcdA, which forms a hydrogen bond with the β-phosphate group in UDP-glucose, and a conserved tryptophan, Trp519 in TcdA, which forms a hydrogen bond to the glycosidic oxygen ( Figure  1B and Figure S3 ). In the apo-structure, the loop is moved such that Trp519 is located ~10 Å away from its position in the UDP-glucose-bound structure. A similar conformational difference has been noted in a comparison of the apo-structure of C. novyi α-toxin GTD and TcdB GTD bound to a hydrolyzed substrate (42) . As described in the mammalian glucosyltransferases involved in carbohydrate synthesis (43) , the loop acts as a 'lid' covering the bound UDP-glucose when viewed from the 'top' (Figure 1C) .
One difference between the TcdA and TcdB GTD structures is that the UDP-glucose is intact in the TcdA-GTD structure, whereas in the TcdB-GTD structure it is hydrolyzed (Figure 2 ). While consistent with previously published studies showing that TcdB has a higher rate of UDPglucose hydrolysis than TcdA (26, 44) , the molecular explanation for this difference is not apparent from the structure. Because TcdA was previously reported to have a much lower glucosyltransferase activity than TcdB (26), we expected to see differences in the positions of the catalytic residues. Yet, other than the difference in the hydrolysis of the UDP-glucose, the enzymatic core is surprisingly similar between TcdA and TcdB. The residues and waters involved in UDPbinding and catalysis are highly conserved and the binding of UDP-glucose is nearly identical ( Figure  2B ).
Although the core structures of the TcdA and TcdB GTDs are conserved (Figure 2A) , the surface residues of these two enzymes are highly divergent. This is particularly notable on the 'front' GTPase-binding surface adjacent to the UDP-glucose site (45) . Amino acid changes in this region result in a significant change in the electrostatic properties of the surface and suggest that the TcdA and TcdB GTDs could have different substrate specificities within the cell ( Figure 2C-D) . In addition, there are significant differences in the electrostatic potential properties of the MLD. The TcdB MLD is markedly more charged than that of TcdA. The 'front' surface (as shown in Figure 2D , left panel) is dominated by a highly basic patch, while the opposite face is almost entirely acidic. TcdA has a smaller basic area on the front of the MLD, and lacks the negatively charged patch on the back ( Figure 2C ). These differences could further differentiate the activities of the TcdA and TcdB GTDs in cells.
Glucosyltransferase activity of the TcdA and TcdB GTDs. The striking differences between the TcdA and TcdB surfaces led us to perform a sideby-side comparison of TcdA and TcdB GTD activity against a panel of Rho-and Ras-family GTPase substrates. TcdA and TcdB GTD were incubated with purified GTPases in the presence of radiolabeled UDP-glucose. Transfer of glucose was detected by SDS-PAGE followed by phosphorimaging. We found that the TcdA and TcdB glucosyltransferase activities against Rho family substrates were comparable (Figure 3) . In timecourse experiments, TcdA was more efficient at modifying RhoA whereas, TcdB was faster at modifying Rac1. TcdA and TcdB modified Cdc42 to a similar extent with similar rates. Consistent with a previous report (26), we observed that TcdA could glucosylate Rap2A, whereas TcdB did not. Rap2A was not modified as efficiently as the Rho family substrates.
Enhanced glucosyltransferase activity following autoprocessing. The highly conserved enzymatic core observed in the structure of the TcdA GTD provides no evidence that it is a deficient enzyme as compared to TcdB. Consistent with this view, our in vitro studies indicate that the GTDs of TcdA and TcdB modify similar amounts of Rho family GTPases. Previous studies on the glucosyltransferase activity of TcdA have used only TcdA holotoxin (HT). In cells, however, the GTD is released and this isolated domain is thought to traffic to the membrane where it acts on host GTPases (40, 46) . We wondered whether using GTD versus HT might result in a difference in activity. Therefore, we tested the ability of GTD or HT to modify Cdc42 for both toxins ( Figure  4A ). For both TcdA and TcdB, the HT modified less substrate than the free GTD. Therefore, in the context of the HT, the glucosyltransferase activity of TcdA and TcdB is somehow inhibited.
Structure of the TcdA GTD in the context of the holotoxin. Because the HT has a lower activity than the GTD (Figure 4) , we sought to understand the structural determinants of the glucosyltransferase activity in the context of the holotoxin. Our lab has recently determined the structure of TcdA HT at 25 Å resolution using electron microscopy and random conical tilt ( Figure 5A ) (32) . The structure contains a large bi-lobed head with two extensions. We have shown that the larger of these extensions contains the receptor-binding domain (RBD), and the smaller one contains the GTD (32). Figure 5 shows the EM structure of TcdA with a model of the TcdA RBD (green) and the structure of the TcdA GTD (blue) placed into the density. The GTD fits into the map with the N-terminal MLD pointing away from the head and fitting into a narrower region of density. The other helical projections of the GTD fit into density 'flaps' that project toward the RBD and provide confidence that the general orientation of the GTD is correct.
Oriented in this way (Figure 5 ), the 'front' surface involved in GTPase-binding faces the RBD. Based on this arrangement, we predicted that the presence of the RBD sterically inhibits binding of GTPases in the context of the holotoxin. In addition, the model suggests that the 'top' surface containing the mobile 516-522 loop will be occluded by the autoprocessing domain in the context of the holotoxin. This occlusion could affect the position of the 516-522 loop involved in UDP glucose binding, hydrolysis, and transfer.
To test these possibilities, we generated a TcdA fragment lacking the RBD (1-1832) and a fragment corresponding to the glucosyltransferase and autoprocessing domains (1-800) and tested these proteins for their capacity to modify Cdc42 ( Figure 4B ). The glucosyltransferase reaction is inhibited in both the 1-800 and 1-1832 fragments and in the holotoxin (1-2710). Releasing the GTD by initiating in vitro autoprocessing results in enhanced substrate modification for these proteins, comparable to that of the GTD alone ( Figure 4 , Figure S4B ).
Glucosylation of Rap2A in cells. The increased activity of TcdA and TcdB following autoprocessing highlights the importance of the cellular context for cellular activity. Since our in vitro assay indicated that Rap proteins were modified at lower levels than Rho-family proteins, we wanted to test whether TcdA-mediated Rap modification could occur in the context of cellular intoxication.
HeLa and Caco-2 cells were treated with 10 nM TcdA or 0.1 nM TcdB, doses that cause the cells to round but not die within 2 hours. After 2 hours the cells were lysed, and activated Rap was pulled down using the effector RalGDS. Activated Rap2A was detected by Western blot in mocktreated and TcdB-treated cells ( Figure 6 ). However, no activated Rap2A was detected in TcdA-treated cells suggesting that it had been inactivated by glucosylation.
We have directly detected modification of Rap2A using a mass-spectrometry approach ( Figure 7 , Figure S5 , and Supplemental Methods Figure 7B ). TOF/TOF fragmentation spectra of both species were consistent with the predicted sequence, and mapped the site of glucosylation to Thr35 ( Figure 7D -E). Therefore, TcdA is not only capable of glucosylating Rap2A in vitro, but can also glucosylate it in cells.
DISCUSSION
We initiated this study with the goal of understanding differences in TcdA and TcdB glucosyltransferase activity and substrate specificity. The glucosylation of RhoA, Rac1, and Cdc42 by TcdB has been well-characterized (14, 39, 45, 47) , however, much less is known about TcdA and the interaction of TcdA with these substrates. One of the few studies directly comparing the enzymatic activities of TcdA and TcdB reports that TcdB is ~100x more active than TcdA at glucosylating RhoA, Rac1, and Cdc42 in vitro and has a higher rate of UDP-glucose hydrolysis in the absence of substrate (26) . This study was done with the holotoxins and not with the isolated domains that are released into the cell.
Here we present crystal structures of the TcdA GTD with and without its co-substrate UDPglucose at 2.6 Å and 2.2 Å, respectively. Because TcdA was reported to have a much lower glucosyltransferase activity than TcdB (26), we expected to see differences in the residues involved in UDP-binding and catalysis. Yet, the structure reveals that these residues are highly conserved, not only in identity, but also in their position within the GTD ( Figure 2B ).
The conservation of the core of the GTDs led us to reinvestigate their activity toward a panel of GTPase substrates. Using experimental conditions similar to those of previous reports, we found that TcdA and TcdB modified similar amounts of Rho family substrates (Figure 3) .
These results contradict the previous report that TcdB is 100 times more potent as a glucosyltransferase (26) . We hypothesized that this difference might be because previous studies used HT, whereas we used isolated GTD. Upon testing the ability of GTD and HT to modify Cdc42, we found that the glucosyltransferase activity is inhibited in the context of the HT ( Figure 4A ). The activity of the HT can be restored through the initiation of autoprocessing ( Figure 4B ), an inositolhexakisphosphate-induced proteolysis event that releases the GTD from the rest of the toxin (12, 13) . We now know that TcdB undergoes autoprocessing much more readily than TcdA (28) , and, in our hands, TcdB is also more sensitive to degradation. A gel documenting the cleavage state of our reagents is included as Figure  S4A . It is possible that in the previous study TcdB was more active than TcdA because the GTD was released by proteolysis, whereas TcdA remained locked in a less active conformation. Our findings suggest that the ~1000 fold difference in cytopathic potency between TcdA and TcdB is not due to differences in the intrinsic glucosyltransferase activity, but is more likely due to differences in binding and/or delivery of the GTD into the target cell.
The observation that GTD release results in an increase in glucosyltransferase activity led us to examine why the activity is restricted in the context of the holotoxin. Our first hypothesis, based on the placement of the TcdA GTD within the EM structure, was that GTPase binding would be sterically occluded by the location of the RBD. Our experiments with a TcdA truncation that lacks the RBD, however, suggest this is not the case; the glucosyltransferase activity of the TcdA (1-1832) protein is activated by autoproteolysis at levels similar to what we observed for the full length toxin ( Figure 4B) . Removal of the delivery domain through the generation of a TcdA (1-800) fragment also resulted in a protein with restricted activity until the GTD was released. These data suggest that the physical presence of the autoprotease domain (543-800) is restricting the activity of the GTD. The autoprotease domain could affect the position of the 516-522 loop ( Figure 1B, 1C) , a possibility that will be investigated in future studies.
Although the TcdA and TcdB GTDs modified comparable amounts of RhoA, Rac1, and Cdc42 in our assays, TcdA was able to glucosylate the additional substrate Rap2A. To test whether this family of substrates was modified within cells treated with holotoxin, we analyzed the levels of activated Rap2A in cells treated with TcdA or TcdB. Activated Rap2A, which is present in mock treated cells, was undetectable in HeLa or Caco-2 cells that had been treated with 10 nM TcdA for 2 hours. The glucosylation of the switch I Thr of FLAG-tagged Rap2A could be detected in TcdA treated HeLa cells by mass spectrometry. These data suggest that TcdA is capable of modifying a Ras family GTPase not only in vitro, but also in cells.
While TcdB and C. novyi α-toxin (Tcnα) target only Rho family substrates, TcdA and C. sordellii lethal toxin (TcsL) can glucosylate at least some members of both the Rho and Ras families. When the structures are compared, TcdA and TcsL have some striking similarities on the putative substrate-binding surface, most notably a large positively charged pocket adjacent to the UDP-glucose binding pocket ( Figure S6 ). In TcdB and Tcnα, however, an acidic patch replaces this basic pocket. It is important to note that these characteristics are not merely due to relatedness of the proteins. In fact, the GTDs of TcdB and TcsL are more closely related (75% identity) than the GTDs of TcdA and TcsL (47%). We hypothesize that this basic pocket may partially account for TcdA's ability to modify Rap family substrates. In preliminary studies, mutation of either Lys448 or Gly 471, residues that make up the pocket, to glutamate (the corresponding residues in TcdB) decreased the activity towards all of the substrates tested (data not shown). Efforts to delineate the combination of residues required for substrate specificity are on-going.
The ability of TcdA to modify Ras family substrates may have important implications for its role in pathogenesis. Rap proteins are known to be important in the regulation of cell-cell junctions (49) . Thus, inactivation of Rap may be important for disrupting the integrity of the intestinal epithelium. Other Ras family members are involved in complex pathways regulating cell proliferation and survival (49) . It is interesting to note that all TcdB sequences from the pathogenic TcdA -TcdB + strains characterized thus far have mutations within the GTD that allow it to modify Ras family substrates including Rap (50, 51) . It is tempting to speculate that modification of Ras substrates by TcdA is a key process in CDAD, and that the mutated TcdB in TcdA -TcdB + strains allows it fulfill the role of TcdA in its absence. A more complete understanding of the glucosyltransferase activities of these two toxins and downstream effects of glucosylation of specific substrates will be essential in understanding the molecular mechanisms important in CDAD.
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